Background
Cervical spondylotic myelopathy (CSM) is a common age-related degenerative disease characterized by progressive narrowing of the spinal canal, which results in compression of the spinal cord. Due to its insidious onset, patients with CSM frequently require surgical decompression [1] . The objects of surgical technique for CSM are decompression of the nerve roots and spinal cord, stabilization of the spinal column, and maintaining cervical alignment [2] . For patients with CSM, the anterior approach can yield good outcomes by direct decompression of the spine. Both anterior cervical discectomy and fusion (ACDF) and anterior cervical corpectomy and fusion (ACCF) are effective treatments for patients with severe anterior pathogenic structures and cervical kyphosis [3] . ACDF is appropriate for cases with a compressing lesion primarily confined to the disc space region without extending extensively behind the vertebral body [4] . ACCF is used for larger ossified masses beyond the cervical spine interspaces. However, for patients with three-level CSM, the results are far from satisfactory. The long corpectomy for the treatment of multilevel CSM was reported to cause higher occurrence of graft subsidence, delayed union or nonunion, and pseudoarthrosis with increased numbers of decompressed levels [5, 6] .
The hybrid decompression procedure combining one-vertebra corpectomy and one-level discectomy was first introduced by Ashkenazi et al. for the treatment of three-level CSM, and has been reported to have high effectiveness and safety [7, 8] . However, the restoration of cervical lordosis following the HDF is inferior to the ACDF at the final visit, and subsidence of the titanium mesh (TM) may play a pivotal role in loss of lordosis correction [9] . It was reported that the incidence of TM subsidence was approximately 96%, and severe subsidence frequently resulted in neurological deterioration, neck pain, and instrument failures [10, 11] . Several factors may contribute to TM subsidence, such as age, sex, fusion level, endplate preparation, and bone mineral density [12] . However, to the best of our knowledge, no uniform standard has been published regarding where the TM should be placed in hybrid decompression surgery to avoid graft subsidence in the treatment of three-level CSM [13] .
In this study, we compared the radiological changes in patients with three-level CSM who had hybrid decompression procedure and assessed the effect of the position of TM relative to intervertebral cage (IC) on graft subsidence.
Material and Methods

Patient population
From Jan 2014 to Jan 2017, we retrospectively reviewed 92 consecutive cases with CSM who underwent hybrid decompression procedure using titanium mesh (TM, DePuy, USA) by the same spine surgery team in our Orthopedics Department. We excluded 25 cases who had injury history, previous history of cervical spine surgery, infection, or cancer, and 19 cases were excluded for lack of a lateral radiograph at follow-up. Finally, 48 cases were selected for our study and were divided into group A (TM located cephalad, n=21, Figure 1A , Table 1 ) and group B (TM located caudal, n=27, Figure 1B , Table 1 ) according to the level of TM. This study was approved by the Institutional Review Board of our institution, and all patients signed informed consent.
Surgical techniques
The hybrid decompression operation was performed as previously described [13] . Briefly, after general endotracheal anesthesia, a right-sided Smith-Robinson approach was used to expose cervical vertebral bodies and discs. Discectomy was carried out first. After careful removal of disc, posterior osteophyte, and ossified longitudinal ligament, an appropriately sized intervertebral cage (IC, DePuy, USA) packed with autogenous bone was inserted into the intervertebral space. Of note, more attention should be paid to avoiding excessive damage to the endplate. After adequate adjacent discectomies, corpectomy was conducted by resecting three-fifths of the vertebral body. Then, the posterior longitudinal ligament was resected in each patient to ensure full decompression of the spinal cord. After being packed with autogenous bone, the TM was filled with autologous bone fragments harvested from the excised vertebra, and then implanted under distraction. The distraction was less than 6 mm for two-level corpectomy. The TM was inserted at two-thirds of the vertebral column, usually 2-3 mm to the vertebral anterior border. A semiconstrained cervical plate (Skyline or Slimlock, DePuy, USA) was used to bridge the fusion segments. All patients in this study wore a Philadelphia neck collar for at least 2 months.
Demographic and radiological analysis
Demographic information was collected for all patients, including age, sex, and duration of follow-up. Our study defined a minimum duration of follow-up as 3 months on the basis of previous studies demonstrating that significant changes in construct geometry frequently occurred within about 3 months following surgery [14] . Several radiological parameters were measured immediately postoperatively and at the last follow-up (more than 3 months): anterior (AIBH), middle (MIBH), and posterior interbody height (PIBH), the height of adjacent intervertebral space (HAIS), C2-C7 angel (Cobb angle), and segmental angle (C3-C6 angle, and C4-C7 angle) (Figure 1 ). These parameters were determined by neutral lateral radiographs taken with the patient in a standing position. Of note, if the lower cervical spine was not visualized on a simple radiograph, we adjusted the contrast ratio of the bony structure and soft tissue on Mimics Research 9.0 to visualized the profile of the C7 vertebral body. Anterior, middle, and posterior subsidence of TM were defined as the loss between the immediately postoperative and final follow-up values in AIBH, MIBH, and PIBH, respectively [15] . The overall TM subsidence was calculated as the average of AIBH, MIBH, and PIBH, which were divided into mild subsidence (1-3 mm) and severe subsidence (>3 mm) [16] . Adjacent segmental changes were defined as the difference between postoperative and final follow-up values in HAIS. C2-C7 angle indicated the angle formed between the lower endplate of C2 and the lower endplate of C7 [17] . Segmental angle was defined as the angle formed between the lines parallel the cranial endplate of the most cranial vertebra and the caudal endplate of the most caudal vertebra at the fusion level. All these measurements were performed by 2 independent observers who were not involved in this study. Measurement values were recorded and interclass coefficients were analyzed.
Statistical analysis
Statistical data were analyzed using SPSS (version 18.0, SPSS, Inc. Chicago, IL, USA). Quantitative data were compared by the independent-samples t test, paired t test, and chi-square test. Differences were defined as significant when the p value was less than 0.05. ) and the space of vertebrae superior and inferior to TM, C2-C7 angle, and segmental angle (C4-C7 angle). AIBH, MIBH, and PIBH was the length between the anterior, middle, and posterior portions of the adjacent upper and lower endplates, respectively. AIBH is indicated by red arrow, MIBH by green arrow, and PIBH by blue arrow. HAIS was defined as the anterior, middle, and posterior height of the adjacent space, which is indicated by red, green, and blue short lines, respectively. 
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Results
All 48 patients in our study underwent three-level hybrid decompression and fusion, of whom 16 (33%) were female and 32 (67%) were male. The average follow-up was 4.38±0.439 and 4.81±0.509 months in group A and group B, respectively. Among the 31 patients with C3-C6 decompression, TM was implanted superior to the IC in 13 cases, and 18 cases had the TM inferior to the IC. For 17 patients with C4-C7 decompression, TM was superior to the cage in 8 cases and 9 cases had TM inferior to the cage ( Figure 2 ). No significant differences in demographic data were observed between the 2 groups (Table 1) .
Interobserver reliability
Interobserver reliability was excellent for all cervical radiographic parameters for the 2 independent observers. at the final follow-up in height loss of adjacent intervertebral space in either group (p>0.05).
Cervical parameters
Cobb angle (C2-C7 angel), and segmental angles (C3-C6 angle, C4-C7 angle) immediately postoperatively and at the last follow-up are shown in Table 4 . All angles were decreased at the final follow-up in both groups (p<0.05). However, no significant differences were observed in angle between the 2 groups (p>0.05).
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Discussion
Patients diagnosed with CSM frequently require decompression surgery to prevent further deterioration [18] . The ACDF technique is only appropriate for cases whose lesions are primarily confined to the disc space region, which limits its clinical application for complete decompression through intervertebral spaces in some cases [19] . Additionally, surgery-related complications such as nonunion are another issue which needs attention, especially in multi-level ACDF [20] . The ACCF procedure is optional for multi-level CSM. However, it has more bleeding, lower fusion rate, and higher incidences of postoperative complications compared with the ACDF, and the improvement of the cervical and segmental lordosis was significantly less than with ACDF [4] .
Hybrid decompression combined one-vertebrae corpectomy and one-level discectomy is an alternative to treat multi-level CSM. When treating multi-level CSM, hybrid decompression can address mild stenosis in intervertebral space by adjacent discectomy and provide simultaneous decompression in the vertebral segments with significant lesion of the intervertebral disc space and large osteophytes behind the vertebral bodies by corpectomy, which can achieve full decompression and less insult to the spinal cord and nerve roots [21] . A biomechanical study by Singh revealed that hybrid decompression can avoid the long fused segments and maintain better stability and cervical alignment of the operated levels and less occurrence of plate migration by segmental plate fixation compared to end-construct plate fixation [22] .
Although hybrid decompression has several advantages over ACCF and ACDF, such as less bleeding, higher fusion rate, more accurate insertion of the implants, and better maintenance of the cervical lordosis, the advantages may be offset by the higher rate of TM subsidence, which may cause buckling of the cervical ligament flavum, foraminal stenosis, and consequent recompression of spinal cord and nerve roots [4, 23] . Subsided TM occurred in up to 80% of patients in the early postoperative period, which may damage the inherent stability of the fusion segments and increase the mechanical load on the screw-plate structure [24] . A study by Daubs et al. reported on 7 patients (30%) who had reconstruction failure before 12 weeks following surgery, especially in cases with multi-level corpectomy [25] . In addition, Nakase reported that subsidence-related complications such as kyphotic deformity, instrument failure, and neurological deterioration can develop and possibly need revision surgery [26] .
Many risk factors can contribute to TM subsidence. Older people, especially females after menopause, are commonly considered to have higher risk for developing TM subsidence because of decreased bone density of the vertebrae and the thickness of the endplates [27] . In addition, aggressive cleaning and resection of the endplates, over-distraction of the intervertebral space, and the sharp edge of the cage can also trigger occurrence of TM. Therefore, during the operation, we paid more attention to surgical details. Chen et al. demonstrated TM subsidence occurred in 239 (79.7%) patients, and twolevel ACCF with TM was more susceptible to developing severe 9485 subsidence (1-3 mm) [16] . Furthermore, several reports suggested that incidence of TM subsidence was higher than that of the IC, and segmental subsidence may be higher after hybrid decompression procedure [28, 29] . Thus, more attention should also be paid to the TM subsidence after hybrid decompression procedure.
However, to the best of our knowledge, few studies have been published to determine the optimal location of TM in hybrid decompression surgery to avoid graft subsidence in the treatment of three-level CSM. In the present study, both groups revealed the occurrence of TM subsidence following hybrid decompression in the early stage, which agrees with a previous study [13] . In our study, we defined the TM subsidence as loss of the segmental height (AIBH, MIBH, and PIBH) between vertebral body inferior and superior to the TM to avoid the influence induced by the subsidence of IC. AIBH, MIBH, and PIBH in both groups were comparable, with occurrence of 76% in group A and 85% in group B, and the subsidence on TM was the most severe at the posterior border of the inferior endplate with the largest loss of PIBH, which is consistent with previous studies [13, 30] . Most of the inferior cage-endplate contact area is limited to the anterior two-thirds portion of the vertebral body, which frequently results in weak contact between the posterior rim of the TM and endplate [31] . In case of more removal or damage of the endplate, the connection between TM and cancellous portion of the vertebral body would be weaker, and thus the center of stress would act on the posterior portion of TM due to cervical lordosis. In addition, Wu et al. suggested the orientation of endplates at different levels may be also be responsible for this tendency due to disordered stress distribution [15] .
Of note, the value of TM subsidence (AIBH, MIBH, and PIBH) in group B was 1.62±0.991, 2.09±0.792, and 2.59±1.167, respectively, which is higher than that in group A (P<0.05), indicating that hybrid decompression with TM inferior to the IC had more tendency to subsidence than that with TM superior to the IC. A study by Liu et al. revealed more height loss with TM inferior to the IC, but this was not emphasized in the study [13] .
There are several factors that may explain the results. Firstly, compared with discectomy construct, the corpectomy construct has higher stress acting on the bone grafts and endplates because of the limited contact area between the TM and endplates. Secondly, previous biomechanical studies suggested that the lever arm at the distal end of the plate increased with the length of the plate and the long fixed-moment arm constructs tend to exert far more load on the caudal screw-bone interface than the rostral, which frequently resulted in high construct failure at the caudal ends of the construct [32, 33] . Therefore, the skip technique with intermediate vertebral body intact was reported by Dalbayrak to be an alternative for standard multi-level ACCF in the treatment of CSM, which may acquire a favorable load distribution [34] . However, biomechanics of the "skip" corpectomy did not evaluate the axial forces acting on the caudal plate [35] . Additionally, in hybrid decompression procedure with TM located caudal, inferior TM-vertebral surface may be loaded with more stress, and thus TM located caudal may have a higher risk for developing subsidence. Thirdly, TM subsidence seems to occur more commonly at the inferior TMendplate contact than at the superior portion of the TM [12] . Although hybrid decompression procedure consists of one IC and one TM, the application of anterior cervical plate makes the IC and TM unified. Therefore, the larger subsidence of TM at its lower rim may be explained by the higher rate of subsidence at the lower rim of TM after ACCF only.
Intervertebral space superior and inferior to the index segments was measured in this study. No significant difference of the height loss in adjacent segments was observed in either group. This may be explained by the relatively short follow-up period of this study, and a longer follow-up period may more accurately reveal the effect of the relative level of TM to IC on the adjacent intervertebral space. Guo et al. reported that the hybrid decompression procedure was superior to ACCF in terms of segmental angle and C2-C7 angle improvement [10] . In the present study, we evaluated Cobb angle (C2-C7 angle) and segmental angle immediately postoperatively and at the final follow-up. Normal values of Cobb angle (C2-C7 angle) have been reported to be about 24° (range from 10° to 34°) [15] . In our study, the C2-C7 angle was corrected following the surgery, but more decrease of C2-C7 angle occurred in group B at the final follow-up (p>0.05), which may be associated with more severe TM subsidence in group B. In addition, all patients had decreased segmental angle at the final follow-up of 3 months (p<0.05). Interestingly, segmental angle in group A decreased more than that in group B (p>0.05), but the reason for this is unclear. Finite element analysis of the change in cervical alignment would be required to accurately determine the relationship between the position of TM and cervical angles following hybrid decompression surgery in the future.
The present study has several limitations. Firstly, this study included 48 cases in total and only 17 patients with fusion segments of C4-C7. This is because the study was retrospective, and many patients did not have normal follow-up, and the lateral radiological images were unavailable, which resulted in fewer cases in our study. Therefore, a randomized controlled trial with more cases will be needed to evaluate these results in the future. Secondly, although the TM subsidence were more significant in patients with TM inferior to IC, few cases of severe subsidence was observed in the 2 groups. We think that the cases in our study had relatively short duration of follow-up. Several studies have reported TM subsidence after ACCF occurred in up to 80% of patients in the early postoperative period (at least 6 months) [24] . Therefore, a longer follow-up period is required to adequately evaluate if TM inferior to IC has higher risk for developing severe subsidence. Thirdly, we did not evaluate the relationship between the subsidence and clinical outcomes. Chen et al. reported that mild subsidence did not cause significant clinical results, but severe subsidence was correlated with bad neurologic outcome and subsidence-related complications, owing to the greater loss of height of the fusion segments [16] . However, a meta-analysis by Karikari et al. suggested subsidence has no impact on successful fusion and/or good clinical outcomes [12] .
Conclusions
TM inferior to IC in hybrid decompression procedure has a higher risk for developing subsidence. The relative position of TM to IC has no significant effect on adjacent intervertebral space. Considering that TM subsided more than IC, our results suggest that TM located cephalad is the best choice for the position of TM in hybrid decompression surgery.
